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INTRODUCTION
Water vapour permeability is probably the most commonly used hygrothermal property that characterizes building materials. Almost all insulation material standards in North America refer to this property as a performance parameter [1] .The property stems from the water vapour transport equation: The ahove equation is derived from the Pick's law, which states that the density of diffusion flow rate of any material at a given point in a medium is directly proportional to its concentration gradient at that point, at constant temperature. In building physics applications, the water vapour pressure being significantly lower than the atmospheric pressure, the water vapour is assumed to follow the ideal gas equation and hence the concentration is substituted by the vapour pressure in equation (l) .
Traditionally, building physicists have used equation(l) directly to measure the water vapour permeabilities of building materials. There has been very little change in the principle of the experimental procedure during the past six decades. In 1963, Joy and Wilson[£] thus wrote: "The simplest and most widely used test ofthe rate of water vapor transmission is the dish or the cup method. The specimen is sealed to the mouth of an impermeable test dish containing water or a desiccant, and placed in a controlled atmosphere. Periodic weighing of the assembly determines when a steady rate of weight loss or gain is attained, and this final rate, continued long enough to ensure its validity I is the test result....... The ASTM had standardized two dish methods, as early as 1954; E96 for thin sheets and C355 for materials, such as those used in building construction, tested in a thickness greater than 3 mm. Currently, the ASTM Standard, Designation E96-95, Standard Test Methods for Water Vapor Transmission of Materials is followed in Canada and the US. A recently concluded round robin series ofｭ ･ ｡ ｳ ｵ ｲ ･ ｭ ･ ｮ ｴ ｳ ｛ ｾ ｝ confIrmed that eight out of the nine participants strictly followed the standard.
It is well known that the water vapour transmission properties of hygroscopic building materials depend on the local relative humidities (rh) [±,Q] . However, the ASTM Standard E96 specifIes only two conditions of rho The dry cup method in the standard corresponds to a mean rh of 25 % and the wet cup to 75 %. With the advent of very sophisticated tools for hygrothermal analysis of building materials and components [1] , this information is not enough to describe the behaviour of the materials through the entire range of rho European draft standardsffi] have already proposed an extension of the existing standard to address this issue. ASTM standard should follow this change. A logical extension of the E96 standard to include the effect of rh on water vapour transmission characteristics has been proposed to the C16 Committee and is being discussed by one of the Task Groups [2] . This paper presents experimental results for several common building materials, using the extended E96 procedure proposed to the ASTM Cl6 Committee. Though equation (1) The results from the present study are used to illustrate the effects of the first three parameters on the final result. The design of the cups avoided the use of edge masking.
MATERIALS AND METHOD
The building materials included in this investigation are listed in Table 1 . In addition to those materials, to illustrate the effect of buoyancy, selected Sets of experimental data on samples oftwo materials, a plastic film and an aluminum sheet, with very high resistance towards water vapour transmission are also included. The experimental procedure is identical to those prescribed in the ASTM Standard E96. However, to include the full range of rh, a variety of conditions were maintained in the constant temperature-humidity chamber as well as inside the cup. The conditions inside the cup were maintained constant by using either a desiccant (anhydrous calcium chloride), or a salt solution[.lQ] or distilled water.
Two separate constant temperature-humidity chambers (1.5 m x U5 m x 1.7 m) were recently built at the Institute to undertake a series of systematic measurements of water vapour transmission characteristics of common building materials as a function of rho A schematic representation ofthe chamber is shown in FIG. I. It works on the first principles of psychrometry. Air is drawn from the chamber at a constant speed through a duct system. It is then loaded with water vapour by pushing over a reservoir ofwarm water (35 to 40 "C). The moist air is then passed over a series of cooling coils maintained at a predetermined constant temperature, to correspond to the desired dew point (and hence the desired moisture content) inside tne chamber. The excess moisture is condensed away from the incoming air by the cooling coils. Next, the air saturated at the dew-point 459 is pre-heated approximately to the chamber temperature. A thermally insulated part of the duct system evenly distributes the moist air inside the chamber and the cycle continues. The walls of the chamber carry aluminum panels with uniformly distributed and controllable heating coils to maintain constant temperature. 
flG. 1--A schematic of the constant temperature-humidity chamber used in the measurements.
The chamber has been used to generate and maintain various levels of rh ranging between 20 % and 96 %. Four randomly chosen examples (flG. 2) illustrate the stability of the chamber during the measurements. It is believed that this level of stability of the chambers significantly adds to the reliability of the data presented here. As a guideline, the nominal values oftbe rh maintained in the chamber and the cup to include the full range of rh are listed in Table 2 . Real measured values are used in all calculations.
DATA ANALYSIS
The data were analyzed as prescribed in the current ASTM Standard. A mathematica11east squares regression analysis of the change in mass as a function of time was used to determine the rate afwater vapour transmission at the. steady state. However, in the current standard, the rate so calculated is assumed to correspond only to the 11IIII"' ..... resistance offered by the test specimen. In fact, the experimental set-up imposes four vapour resistancesllil in series between the content of the cup (the desiccant, salt solution or distilled water) and the chamber. These are: I. the resistance offered by the layer of still air in the cup, 2.
-------------.-.,,;-\#,ｑ ｾ Ｂ
the resistance offered by the surface of the specimen inside the cup 3.
the resistance offered by the test specimen 4.
the resistance offered by tbe surface of the specimen outside the cup Ifthe thickness of the still air layer is known, the corresponding vapour permeance and hence the resistance can be calculated using the following equationUZl for permeability.
2.306xlO-
where. , B, = the permeability of still air, kg·m,l.sl.pal T = the temperature" K P = the ambient pressure, Pa Po = the standard atmospheric pressure, Le. 101325 Pa and R, = the ideal gas constant for water, Le. 461.5 J.KI·kg'l.
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In the absence of any measured data, the surface resistances may be approximated FlG. 2--Four randomly chosen examples to illustrate the long-term stability of the chambers, which contributes significantly to the reliability of the results; the temperature inside is monitored continuously using several thermocouples at various locations and the humldity using a calibrated chilled-mlrror sensor.
Corrections are to be made for the resistances offered by the still air and the two surfaces for all cup measurements. However, for vapour tight materials (measured transmission rate of the order of 10. 8 kg·m o2 .s·' or less) these corrections are within the limlts of the experimental uncertainty. For example, for a specimen of plywood sheathing, the following results were obtained: = density of air, kg·m" p, = density of the material ofthe balance weights, kg·m·' P, = bulk density of the test assembly, kg·m"
The density of air can be calculated using the ideal gas law for the measured atmospheric pressure and ambient temperature. The following two examples illustrate the effect of the buoyancy correction. Table lare  listed in Table 3 . For each test condition, three test specimens were used and all values are listed. The temperature was always in the vicinity of 23 'c ( FIG. 2) . The mean rh is calculated as the average of those in the cup and in the chamber. All four corrections listed in the section on data analysis were made ｾ ｮ all measurements. 
RESULTS
The results from several series of measurements on the materials in
CONCLUSIONS
The extended ASTM E96 Standard test procedure has systematically generated a reliable set of data on the permeabilities of several common building materials as a function ofrho It is equally applicable to highly vapour permeable and vapour resistant materials. Indeed this procedure has been used by ｯ ｴ ｨ ･ ｲ ｳ ｛ ｾ ｪ and also proposed in the draft .of a European Standard!]].
The design of the experimental set-up makes the results susceptible to various types of errors mentioned in the section on data analysis. However, these errors can be corrected theoretically. No additional measurements appear to be necessary. The error introduced by the still air layer inside the cup should always be corrected. The equation (2) suggested by Schirmer[12] is quite adequate in this regard. For highly permeable materials, such as the MDGF used in this investigation, the resistance offered by the bounding surfaces of the test specimens can not be neglected. This should be ｾ 4 x 10' Pa.s·m 2 ·kg· l . As these corrections are made, the measured permeability for MDGF in the vicinity of 100 % rh approaches that of still air (Table 3) , as indicated by an earlier series of investigations[l5-17j.
The permeability of still air under the test conditions is ｾ 2 x IO·lOkg·m·l·s'·pa'. This is the expected upper limit of water vapour permeability. As many parameters influence the final result, measurements done on highly permeable test specimens often can give unacceptable results that exceed the upper limit. It is gratifying to see that none of the 51 measurements on MDGF in this investigations resulted in a permeability value that is not acceptable. This adds to the reliability of the experimental procedure and results reported here. The effect ofbuoyancy becomes significant in tests on highly vapour resistant materials. In those cases the measured masses should be corrected for the fluctuations in atmospheric pressure. These measurements may take many weeks to yield analyzable results, Corrections made for the effect of buoyancy can considerably reduce the duration of the test. For the measurements on the MDGF all the 14 conditions listed in Table 2_ were applied. Some of the results showed rather large deviations (FlG. 5). It was noticed that these corresponded to the use of the salt solutions in the cup. The same effect was seen in the measurements on the gypsum board, EPS and the plywood. Hence salt solutions were avoided in the measurements on the wood fibreboard, calcium silicate and perlite specimens. The results on these specimens exhibit much less deviations, as shown by the data on the wood fibreboard specimens (FlG_ 5). Probably it is more practical to use only the desiccant and distilled water to generate the necessary rh conditions inside the cup. Salt solutions provide the rh based on the principle oflowering of vapour pressure of the solvent. Material purity and maintenance of the saturation conditions are very crucial in attaining the prescribed rho
INSULATION MATERIALS: TESTING AND APPLICATIONS
In cup methods, the mean rh is traditionally calculated as the average of the rh in the cup and in the chamber. This same procedure is followed in this work. Alternate methods have been suggested by other workersW!J. 3. The slope (L'. Kirchhoff Flow Potential / L'. rh) multiplied by(loo/ the saturation water vapour pressure) gives the water vapour permeability at any chosen rh; these permeabilities should also be corrected for the resistance offered by the still air layer and any surface resistances.
Though the present measurements were not intended for the above method, the applicability of the method can be illustrated by taking all the data on the wood fibreboard as an example. The nine sets of measurements can be divided into two subsets. In one subset the rh on one side of the specimen is kept constant at 0 (the desiccant) and that on the other side increased in the following sequence; 32.8 %, 47.9 %, 73.7 % and 93.0 %. in the second subset the rh on one side is held constant at 100 % (distilled water) and that on the other side increased in the following sequence; 32.6 %, 55.9 %, 73.9 %, 82.2 % and 93.6 %. The water vapour transmission data when converted into the Kirchhoff Flow Potential results in two separate curves as shown in FlG AI. The two curves demonstrate the internal consistency of the data from nine separate sets of measurements on one material. The fIrst subset directly gives the information on the variation ofthe Kirchhoff Flow Potential form 0 to 90 % rho The information from the second subset can be used to extend the incomplete curve from 90 % to 100 % as follows. What one looks for is the Kirchhoff Flow Potential when one side of the specimen is at 0 and the other on 100 %. This can be considered as the sum of two separate Kirchhoff Flow Potentials· one for 0 to, (say) 50 % and the second from 50 % (0 100 %. In fact any intermediate rh can be used instead of 50 % in such a calculation. All such calculations from the data give a value of(6.8 ±O.l) x 10-8 kg m" s·' at 100 %. This completes the curve fromOto 100 %. Now 
